Khs, Gck, Sok1, Nik, Hpk1, and Sps1 (27, 28) . Increasing lines of evidence suggest that Mst1 and other STE20-like family kinases play an important role in mediating apoptosis (reviewed in ref. 28 ). Mst1 is activated by some proapoptotic stimuli in fibroblastic and lymphocytic cell lines. However, stimuli shown to activate Mst1 are generally limited to nonphysiological stresses, including genotoxic compounds and extreme heat shock (26, (29) (30) (31) (32) . Mst1 can be an efficient mediator of apoptosis because it is cleaved by caspases, and this cleavage increases kinase activities of Mst1, which in turn activates caspase-3 (33) , thereby constituting a powerful amplification loop of apoptotic responses. Importantly, however, whether or not activation of Mst1 is required for in vivo cell death in response to clinically relevant pathologic insults has not been determined in any organs, including the heart. Furthermore, it is unknown if Mst1 mediates cellular functions other than apoptosis.
In this study, by using both cultured cardiac myocytes in vitro and transgenic mouse models in vivo, we examined if Mst1 is activated by clinically relevant pathologic stimuli in the heart, and if so, whether or not activation of Mst1 is sufficient to induce apoptosis in cardiac myocytes. Furthermore, we examined if activation of endogenous Mst1 is required for cardiac myocyte apoptosis by I/R. Our results indicate that Mst1 is an important mediator of cardiac myocyte apoptosis both in vitro and in vivo. Surprisingly, Mst1 also prevents cardiac myocyte elongation and hypertrophy from taking place despite increased wall stress, which potentially makes operation of the Frank-Starling mechanism less efficient at the myocyte level. We therefore propose that Mst1 could be an important therapeutic target in ischemic heart disease, cardiomyopathy, and heart failure.
Methods
Primary culture of neonatal rat ventricular myocytes. Primary cultures of ventricular cardiac myocytes were prepared from 1-day-old Crl: (WI) BR-Wistar rats (Charles River Laboratories, Wilmington, Massachusetts, USA) as described previously (34) . A cardiac myocyte-rich fraction was obtained by centrifugation through a discontinuous Percoll gradient as described (34) . We obtained myocyte cultures in which more than 95% were myocytes, as assessed by immunofluorescence staining with a mAb against sarcomeric myosin (MF20). Hypoxia/reoxygenation was applied to cardiac myocytes using an anaerobic chamber (Thermaquest Forma Scientific Division, Marietta, Ohio, USA) at 37°C.
Construction of the adenoviral vectors. We constructed recombinant adenovirus using an Adeno-X adenovirus construction kit (CLONTECH Laboratories Inc., Palo Alto, California, USA). We made replicationdefective human adenovirus type 5 (devoid of E1 and E3) harboring wild-type Mst1 (AdX-Mst1) and dominant-negative Mst1 [Mst1 (K59R)] (AdX-DN-Mst1).
Adenovirus harboring β-galactosidase (Ad5 βgal) was used as a control. Generation of adenovirus harboring XIAP (Ad5 XIAP) has been described (35) .
Analysis of DNA fragmentation by ELISA and DNA-laddering assays. Histone-associated DNA fragments were quantified by the Cell Death Detection ELISA (Roche Molecular Biochemicals, Indianapolis, Indiana, USA) as described (35) , with minor modification for sample preparation. In brief, myocytes were rinsed with PBS three times in order to remove nucleosomes leaked out from necrotic cells and then incubated with the lysis buffer for 30 min. The supernatant containing monoand oligo-nucleosomes from the cytoplasmic fraction of apoptotic cells was used for further analyses. DNA fragmentation of the tissue samples was determined by DNA-laddering assays as described (36) .
Immunoblot analysis. For analyses of Mst1, cells were lysed in lysis buffer A containing 25 mmol/l NaCl, 25 mmol/l Tris (pH 7.4), 1 mmol/l Na 3 VO 4 , 10 mmol/l NaF, 10 mmol sodium pyrophosphate, 0.5 mmol/l EGTA, 0.5 mmol/l AEBSF, 0.5 µg/ml leupeptin, and 0.5 µg/ml aprotinin. For immunoblotting, we used anti-human Mst1 mAb (Transduction Laboratories, Lexington, Kentucky, USA) for detection of the carboxyl terminus of Mst1. Rabbit polyclonal Ab was raised against animoterminal human Mst1 ETVQLRNPPRRQLKC (pAb-15) (BioSource International, Camarillo, California, USA) and affinity purified for detection of the amino-terminus of Mst1. Polyclonal Ab's raised against cleaved caspase-3 (Cell Signaling Technology Inc., Beverly, Massachusetts, USA) were used to determine activation of caspase-3. Preparation of mitochondrial-free cytosolic fraction has been described (37) . Anti-cytochrome c AB (Pharmingen, San Diego, California, USA) was used for immunoblot of cytochrome. Phosphorylation of p38-MAPK and p46-JNKs was determined as described (38) .
In-gel kinase assay. In-gel myelin basic protein (MBP) kinase assays were performed as described previously (39) . Either 100 µg of total cell lysates, heart homogenates, or immunoprecipitates of Mst1were used. Immunoprecipitation of Mst1 was performed by incubating cell extracts (300 µg) with pAb-15 at 4°C for 3 h followed by 40-µl slurry (50% vol/vol) of protein A-Sepharose at 4°C for 1 h. The samples were washed with lysis buffer (700 µl) three times.
Transgenic mice. Mst1 and dominant-negative Mst1 (DN-Mst1) transgenic mice (hereafter designated as TgMst1 and Tg-DN-Mst1, respectively) were generated (C57BL/6 background) using a cDNA of human mycMst1 and myc-Mst1 (K59R) driven by the α-myosin heavy chain promoter (courtesy of J. Robbins, University of Cincinnati, Cincinnati, Ohio, USA) to achieve cardiac-specific expression.
Echocardiography. Mice were anesthetized with an intraperitoneal injection of ketamine (0.065 mg/g), acepromazine (0.02 mg/g), and xylazine (0.013 mg/g). Echocardiography was performed using ultrasonography (Apogee CX-200; Interspec Inc., Ambler, Pennsylvania, USA) as described previously (38) .
Histological analyses. The heart specimens were fixed with formalin, embedded in paraffin, and sectioned at 6-µm thickness. Interstitial fibrosis was evaluated by picric acid Sirius red staining as described (40) . Myocyte cross-sectional area was measured from images captured from silver-stained 1-µm-thick methacrylate sections as described (36, 38, 40) . Suitable cross sections were defined as having nearly circular capillary profiles and circular-to-oval myocyte sections. No correction for oblique sectioning was made. The outline of 100-200 myocytes was traced in each section. The MetaMorph image system software was used to determine myocyte cross-sectional area (36, 38, 40) . The number of myocyte (N) in the sampled area (A) was measured according to the criteria described by Gundersen (41) using Image-Pro Plus software, and the myocyte density was calculated as N/A. Using the histologically determined thickness of the left ventricle (LV) free wall and the myocyte density per unit area of myocardium, the average number of myocytes across the ventricular wall was computed as described (42) .
Evaluation of apoptosis in tissue sections. DNA fragmentation was detected in situ using TUNEL, as described (36, 38) . Briefly, deparaffinized sections were incubated with proteinase K, and DNA fragments were labeled with fluorescein-conjugated dUTP using TdT (Roche Molecular Biochemicals). Nuclear density was determined by manual counting of DAPI-stained nuclei in six fields of each animal using the 40× objective and the number of TUNEL-positive nuclei counted by examining the entire section using the same power objective. Limiting the counting of total nuclei and the TUNELpositive nuclei to areas with a true cross section of myocytes made it possible to selectively count only those nuclei that clearly were within myocytes (36) .
Isolation of adult mouse cardiac myocytes. Cardiac myocytes were isolated as described previously (43) . Longitudinal length of ventricular cardiac myocytes was determined as described (43) . Whole cell currents were recorded using patch-clamp techniques (44) . Cell capacitance was measured using voltage ramps of 0.8 V/s from a holding potential of -50 mV.
I/R surgery in vivo. Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg). A rodent ventilator (model 683; Harvard Apparatus Inc., Holliston, Massachusetts, USA) was used with 65% oxygen during the surgical procedure. The animals were kept warm using heat lamps and heating pads. Rectal temperature was monitored and maintained between 36.8 and 37.2°C. The chest was opened by a horizontal incision through the muscle between the ribs (third intercostal space). Ischemia was achieved by ligating the anterior descending branch of the left coronary artery (LAD) using a 8-0 nylon suture, with a silicon tubing (1 mm OD) placed on top of the LAD, 2 mm below the border between left atrium and LV. Regional ischemia was confirmed by ECG change (ST elevation). After occlusion for 20 min, the silicon tubing was removed to achieve reperfusion.
The chest wall was closed by with 8-0 silk. The animal was removed from the ventilator and kept warm in the cage maintained at 37°C overnight. Hearts were harvested after 24 h of reperfusion.
Assessment of area at risk and infarct size. After I/R, the animals were reanesthetized, intubated, and chest was opened. After arresting the heart at the diastolic phase by KCl injection, the ascending aorta was canulated and perfused with saline to wash out blood. The LAD was occluded with the same suture, which had been left at the site of the ligation. To demarcate the ischemic area at risk (AAR), Alcian blue dye (1%) was perfused into the aorta and coronary arteries. Hearts were excised, and LVs were sliced into 1-mm cross sections. The heart sections were then incubated with a 1% triphenyltetrazolium chloride solution at 37°C for 10 min. The infarct area (pale), the AAR (not blue), and the total LV area from both sides of each section were measured by using Adobe Photoshop (Adobe Systems Inc., Mountain View, California, USA), and the values obtained were averaged. The weight of each section was measured using a balance. The percentage of area of infarction and AAR of each section were multiplied by the weight of the section and then totaled from all sections. AAR/LV and infarct area/AAR were expressed as a percentage. There was no significant difference in AAR/LV between Tg-DN-Mst1 and nontransgenic littermate control.
Statistics. All data are reported as mean plus or minus SEM. Statistical analyses between groups were done by one-way ANOVA, and when F values were significant at a 95% confidence limit, differences among group means were evaluated using Fisher's project least significant difference post test procedure for group data with a P value less than 0.05 considered significant.
Results

Mst1 is a predominant MBP kinase activated by potent stimulators of apoptosis in cardiac myocytes.
To identify the signaling mechanism inducing apoptosis in cardiac myocytes, cardiac myocytes were treated with chelerythrine, a potent inducer of apoptosis (35) . The wholecell extracts were subjected to in-gel kinase assays, using MBP as a substrate. We found that a 34-kDa kinase is prominently activated by chelerythrine at 6-10 µM, the concentrations where apoptosis and activation of caspase-3 are observed (35) . Activation of the 34-kDa kinase was accompanied by disappearance of a 61-kDa kinase ( Figure 1a ). Longer exposures of the gel showed that chelerythrine also increased the activity of p40, p46, p54, p58, and p105, although the
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The kinase activity of these proteins was much weaker than that of the 34-kDa kinase (not shown). Since it has been shown in other cell types that Mst1, a 61-kDa kinase, is cleaved by caspases and a resultant 34-kDa fragment containing the N-terminal kinase domain becomes active, we examined if the 61-kDa and 34-kDa proteins are Mst1 in our experiments. Immune complex kinase assays, using specific anti-Mst1 Ab raised against the N-terminal 15-amino acids of Mst1, indicated that the 34-kDa form of Mst1 is activated by the chelerythrine treatment ( Figure 1b) . Furthermore, immunoblot analyses, using specific anti-Mst1 Ab's, indicated that the 61-kDa form of Mst1 is downregulated, while the 34-kDa form of Mst1 is concomitantly upregulated after chelerythrine treatment (Figure 1c) , consistent with the changes in activities of the 61-and 34-kDa proteins in the in-gel kinase assays. To examine if Mst1 is activated by caspasedependent cleavage in cardiac myocytes, we transduced cardiac myocytes with XIAP, an endogenous inhibitor of caspases, which we have shown inhibits apoptosis in cardiac myocytes (35) . Activation and cleavage of Mst1 was completely inhibited in the presence of XIAP (Figure 1b) , suggesting that Mst1 is activated by caspase-dependent cleavage in cardiac myocytes. Recent evidence suggests that Mst1 is also activated by phosphorylation of the activation loop even in the absence of cleavage (45) . Calyculin A, an inhibitor of protein phosphatase 2A (PP-2A) and PP-1, caused prominent cell death consistent with apoptosis in cardiac myocytes, which was evidenced by significant increases (4.3-± 1.4-fold, n = 4, P < 0.05 versus untreated) in cytoplasmic accumulation of oligo-and mono-nucleosomes, sensitive indicators of nuclear fragmentation by apoptosis. In-gel kinase assays indicated that a 61-kDa form of Mst1 is strongly activated by calyculin A without activation of the 34-kDa form (Figure 1d ). Activation of Mst1 is also induced by hypoxia/reoxygenation, a known stimulus of apoptosis in cardiac myocytes (8) . In this case, increases in the kinase activity were observed in both full-length and cleaved forms of Mst1 ( Figure  1e ). These results suggest that Mst1 is a prominent MBP kinase, which is activated by apoptotic stimuli in cardiac myocytes. Furthermore, activation of Mst1, in both cleaved (34-kDa) and full-length (61-kDa) forms, is accompanied by apoptotic cell death in cardiac myocytes.
Mst1 plays an essential role in mediating apoptosis in response to chelerythrine and calyculin A in cardiac myocytes. To examine if Mst1 promotes apoptosis, we overexpressed either wild-type Mst1 or dominant-negative Mst1 (K59R) in cardiac myocytes using adenovirus transduction. Immunoblot analyses with anti-Mst1 Ab indicated that transduction of adenovirus harboring wild-type Mst1 (AdX-Mst1) dose dependently increased the full-length form of Mst1. Expression of the cleaved form of Mst1 was also observed at high doses, suggesting that overexpression of Mst1 alone can induce partial cleavage of Mst1 (Figure 2a) . By contrast, transduction of adenovirus harboring Mst1(K59R) (AdX-DN-Mst1) increased only the full-length form of Mst1 (K59R) (Figure 2b ).
Figure 3
The effect of dominant-negative Mst1 upon chelerythrine-induced cardiac myocyte apoptosis. Cardiac myocytes were transduced with either no virus (control), control virus, or adenovirus harboring dominant-negative Mst1 (AdX-DN-Mst1). Forty-eight hours after transduction, cardiac myocytes were treated with chelerythrine (10 µM) for 1 h and cytoplasmic accumulation of mono-and oligo-nucleosome was quantitated. n = 3.
Figure 4
(a) Cardiac myocytes were transduced with either control virus (Cont) or AdXMst1 (Mst1) at 10 MOI for 48 h. As positive control, myocytes were treated with chelerythrine (Chele, 10 µM) for 1 h. The mitochondria-free cytosolic fraction was obtained. Western blot analysis was performed using anti-cytochrome c Ab as described (35) . Cytochrome c oxidase IV immunoreactivity was negligible in these samples. Chele caused a release of cytochrome c to the cytosolic fraction. In-gel kinase assays showed that the MBP kinase activity of Mst1 was significantly increased by overexpression of wild-type Mst1, while it was not activated by Mst1 (K59R), confirming that Mst1 (K59R) is kinase inactive (Figure 2c) . Furthermore, increased activities and cleavage of Mst1 by overexpression of Mst1 were attenuated in the presence of DEVD-CHO, an inhibitor of caspase-3 and its related subfamily, suggesting that Mst1 activates caspases, which in turn causes cleavage of Mst1 (Figure 2c, lane 4) . Transduction of either control virus or AdX-DN-Mst1 did not induce any significant changes in the morphology of cardiac myocytes. By contrast, transduction of AdX-Mst1 caused shrinkage and cell death in cardiac myocytes (Figure 2d ). Cytoplasmic accumulation of mono-and oligo-nucleosomes was dose dependently increased by overexpression of wild-type Mst1, but not by control virus or Mst1 (K59R) (Figure 2e ). Increases in DNA fragmentation by wild-type Mst1 were inhibited in the presence of DEVD-CHO (Figure 2f ). Overexpression of wild-type Mst1, but not Mst1 (K59R), caused activation of caspase-3, which was determined by immunoblotting with anti-cleaved specific caspase-3 Ab (Figure 2g ). These results suggest that Mst1 induces cardiac myocyte apoptosis in a kinase activity-dependent manner.
To examine if Mst1 is required for cardiac myocyte apoptosis in response to chelerythrine, cardiac myocytes were transduced with AdX-DN-Mst1 or control virus and challenged by chelerythrine. Cytoplasmic accumulation of mono-and oligo-nucleosomes by chelerythrine treatment was significantly suppressed in the presence of AdX-DN-Mst1, but not by control virus (Figure 3) . DNA fragmentation by calyculin A was also inhibited by AdX-DN-Mst1 (5.6-fold with control virus versus 0.9-fold with AdX-DN-Mst1). These results suggest that both cleaved and fulllength forms of Mst1 play a critical role in mediating apoptosis in cardiac myocytes.
We further examined the mechanism by which Mst1 stimulates apoptosis in cardiac myocytes. Transduction of AdX-Mst1 significantly (twofold, n = 3, P < 0.05) increased the amount of cytochrome c in the mitochondria-free cytosolic fraction compared with that of control virus, suggesting that release of cytochrome c may contribute to the proapoptotic effect of Mst1 (Figure 4a) . Transduction of AdX-Mst1 modestly activated p38-MAPK and p46-JNKs (Figure 4, b and c) , while that of AdX-DN-Mst1 abolished chelerythrine-induced activation of p38-MAPK in cardiac myocytes (Figure 4d ). These results suggest that Mst1 works as MAP4K in cardiac myocytes and that it plays an important role in mediating activation of p38-MAPK by chelerythrine.
Cardiac-specific overexpression of Mst1 in mice causes dilated cardiomyopathy with increases in TUNEL-positive cells and activation of caspase-3.
To examine the function of Mst1 in the mouse heart in vivo, transgenic mice with cardiac-specific overexpression of wild-type Mst1 (Tg-Mst1) were generated using the αMHC promoter. We identified three transgene positive founders by Southern blot analyses. Among them, germline transmission was observed in two lines. One line (no. 28) showed prominent cardiac specific overexpression of wild-type Mst1, while the other line (no. 8) showed modest overexpression (Figure 5a ). In both lines, approximately 50% of offspring was shown to carry the transgene. In this study the line no. 28 was predominantly characterized, while some analyses were conducted using line no. 8, as well. We confirmed that Mst1 is overexpressed predominantly in the heart (Figure 5b ). In-gel MBP kinase assays indicated that the total activity of Mst1 was significantly increased (7.5-fold) in Tg-Mst1. Increases in the MBP kinase activity in Tg-Mst1 were found predominantly in the full-length form rather than in the cleaved form (Figure 5c ).
Interestingly, some Tg-Mst1 exhibited overt signs of heart failure, such as shortness of breath and edema and died prematurely as early as on day 15. Echocardiographic measurements of Tg-Mst1(line no. 28) at 70-80 days old indicated that Tg-Mst1 exhibited significant increases in LV end-diastolic dimension (LVEDD) and LV end-systolic dimension (LVESD) and significant decreases in LV ejection fraction (LVEF), LV fractional shortening (%FS) and LV wall thickness (Table 1) . Smaller but significant decreases in LVEF and %FS were also noted in line no. 8 of Tg-Mst1 at the age of 6-7 months (Table 1 ). Hemodynamic analyses confirmed that LVEDP was significantly elevated, while LV first derivative of pressure (dP/dt) was decreased in Tg-Mst1 compared with nontransgenic littermates (Table 2) . Necropsy of Tg-Mst1 at 3 months old indicated dilation of all four cardiac chambers, mural thrombus formation in both atriums, and reduced wall thickness, consistent with the findings of dilated cardiomyopathy ( Figure 5, d and e). LV weight/body weight and RV weight/body weight were not significantly different between Tg-Mst1 and nontransgenic littermates at all ages (Table 3 and data not shown). Significant increases in lung weight/ body weight and liver weight/body weight were observed in Tg-Mst1 compared with nontransgenic littermates at 1.5 months old (Table 3 ). In later stages (at 3-4 months old), visible congestion of the liver and the lungs was observed in Tg-Mst1 ( Figures 5, f and g ).
To evaluate the frequency of cell death in the myocardium, TUNEL staining was performed on 1-to 2-month-old mice. TUNEL-positive myocytes are significantly increased in Tg-Mst1 (line 28). Smaller but significant increases in TUNEL-positive myocytes were also observed in the line 8 of Tg-Mst1 (Figure 6a ). The level of cleaved caspase-3 was increased in hearts of Tg-Mst1 (Figure 6b ), suggesting that caspase-3 is activated. These results suggest that cardiac myocyte death consistent with apoptosis is enhanced in hearts of Tg-Mst1. It should be noted that the occurrence of oncotic cell death cannot be excluded in LV myocardium of TgMst1, since some myocytes exhibited formation of vacuoles consistent with myolysis ( Figure 6c , indicated by an arrow). The level of interstitial fibrosis was significantly increased in all four chambers of Tg-Mst1 (Figure 6d) , consistent with the notion that myocyte death and subsequent replacement of myocardium with fibrous tissue take place in Tg-Mst1 hearts. Infiltration of inflammatory cells was generally not significant in hearts of Tg-Mst1 (Figure 6e ), although mild infiltration was very occasionally found at a site of myolysis (Figure 6c ). We further tested if increased cell death causes decreases in the myocyte density of the myocardium in Tg-Mst1. The myocyte density in the LV myocardium was significantly reduced in Tg-Mst1 (Figure 6f ). Compensatory cardiac myocyte hypertrophy is absent in Tg-Mst1. Increased LV diameter and reduced wall thickness at a given pressure increases LV wall stress in Tg-Mst1. To examine if there is compensatory hypertrophy at the level of cardiac myocytes, the myocyte size was determined by three independent methods. The cross-sectional area of LV cardiac myocytes, determined by silver staining, was not significantly different between Tg-Mst1 and nontransgenic mice ( Figure 7 , a and b). The longitudinal length of ventricular myocytes isolated from Tg-Mst1 was actually significantly smaller than those from nontransgenic controls (Figure 7c) . Furthermore, the cellular capacitance, which reflects the cell volume, was significantly smaller in ventricular myocytes from Tg-Mst1 than in those from nontransgenic mice (Figure 7d ). These results indicate that there was no compensatory cardiac myocyte hypertrophy in Tg-Mst1. To test if side-to-side slippage of myocytes takes place in the ventricular wall of Tg-Mst1, the number of myocyte across the LV free wall was counted. The mural number of myocytes was significantly less in Tg-Mst1 than in nontransgenic mice (Figure 7e ), suggesting that lateral myocyte slippage may be the mechanism mediating cardiac dilation in Tg-Mst1.
Cardiac-specific overexpression of Mst1 (K59R) works as dominant-negative Mst1 and significantly reduces apoptosis in response to I/R. To examine if activation of endogenous Mst1 is required for apoptosis in response to pathologic insults to the heart, we generated transgenic mice with cardiac-specific overexpression of dominant-negative Tg-DN-Mst1. Among three lines generated, line 10 expressed the highest level of Tg-DN-Mst1 in the heart (Figure 8a ), while expression of transgene in other lines (lines 9 and 11) was very low. Tg-DN-Mst1 did not show premature death or any signs of heart failure. The results of echocardiographic measurements of Tg-DN-Mst1 were not significantly different from those of nontransgenic littermates (data not shown). These results suggest that development of dilated cardiomyopathy in Tg-Mst1 is dependent upon the kinase activity of Mst1. To confirm that overexpression of Mst1(K59R) works as a dominant-negative, we applied 20 min of ischemia and subsequent 24 h of reperfusion to the mouse heart. Results of in-gel MBP kinase assays showed that I/R activates Mst1 primarily in the full-length
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The form in control mouse hearts (Figure 8b) . By contrast, activation of Mst1 in response to I/R was abolished in Tg-DN-Mst1, suggesting that cardiac-specific overexpression of Mst1 (K59R) works as a dominant-negative for endogenous Mst1 (Figure 8b ). The heart section obtained from the ischemic area of Tg-DN-Mst1 exhibited a significantly smaller number of TUNELpositive myocytes compared with that of nontransgenic littermates (Figures 8, c and d) . Electrophoresis of genomic DNA prepared from the ischemic area of nontransgenic mice exhibited a typical pattern of DNA laddering. By contrast, DNA laddering was significantly suppressed in Tg-DN-Mst1 (Figure 8e ). The extent of myocardial infarction in the area at risk was significantly smaller in Tg-DN-Mst1 compared with that in nontransgenic littermates (Figure 8f ). These results suggest that inhibition of Mst1 reduces both cardiac myocyte apoptosis and the size of myocardial infarction in response to I/R in mouse hearts.
Discussion
Our results suggest that Mst1 is activated by clinically important pathologic insults such as I/R and that activation of Mst1 is necessary and sufficient in mediating cardiac myocyte apoptosis by such stresses. Cardiac-specific overexpression of Mst1 in mice resulted in a dilated cardiomyopathy. Unlike other dilated cardiomyopathies, the size and length of individual myocytes were reduced, thereby possibly making operation of the Frank-Starling mechanism less efficient at the single cell level. This represents a novel mechanism of congestive heart failure and suggests that Mst1 could be an important target of treatment for congestive heart failure. Mst1 is a predominant MBP kinase activated by potent proapoptotic stimuli in cardiac myocytes. Our results suggest that Mst1 is the most prominent MBP kinase activated by potent apoptotic stimuli, including chelerythrine and calyculin A, in cardiac myocytes. Activation of Mst1 was also observed in response to hypoxia/reoxygenation of cardiac myocytes in vitro and I/R of the mouse heart in vivo. Activation of Mst1 by such clinically relevant stresses has not been reported previously. Overexpression of wild-type Mst1 was sufficient to cause typical findings of apoptosis in cardiac myocytes. Since cleavage and activation of Mst1 were in part inhibited by the caspase inhibitor, activation of Mst1 partially depends upon caspases. Thus, Mst1 and caspases stimulate one another, thereby initiating a positive feedback mechanism leading to increased apoptosis in cardiac myocytes. These results suggest that Mst1 can be an important regulator of apoptosis in cardiac myocytes.
Recent evidence suggests that full-length and cleaved forms of Mst1 are activated by phosphorylation of the catalytic domain and by caspase-mediated cleavage of the C-terminal inhibitory domain, respectively (45) . In fact, Mst1 is activated by both mechanisms in cardiac myocytes: chelerythrine causes activation of Mst1 via caspase-dependent cleavage, while calyculin A causes activation of the full-length form of Mst1, possibly through phosphorylation. Mst1 may be activated through both mechanisms in response to hypoxia/reoxygenation. Since cardiac myocyte death by both mechanisms was inhibited by dominant-negative Mst1, activation of Mst1 by either mechanism mediates cardiac myocyte apoptosis. Interestingly, the active form of Mst1 in Tg-Mst1 or in control mice subjected to I/R predominantly exists in the full-length form. This indicates that cleavage of Mst1 by previously activated caspases may not be required for activation of Mst1 in pathological conditions in vivo. Since partial cleavage of Mst1 was observed when higher doses of AdX-Mst1 were transduced in cardiac myocytes in vitro or I/R was applied to Tg-Mst1 (data not shown), we speculate that higher levels of caspase activation is required for the cleavage of Mst1 to be seen. Since we could detect cleavage of caspase-3 even without cleavage of Mst1 in Tg-Mst1, caspases may have a higher affinity for self-cleavage compared with cleavage of Mst1. Alternatively, activation of caspase-3 and cleavage of Mst1 could coexist when cells are undergoing apoptosis, but anticleaved caspase-3 Ab may be more sensitive for detection of the cleaved product.
The pattern of Mst1 activation by overexpression or by I/R is analogous to that by calyculin A, a phosphatase inhibitor. In this regard, it will be interesting to examine if the activation loop of Mst1 is phosphorylated in Tg-Mst1 or in response to I/R (45) . It has been reported that transgenic mice overexpressing an inhibitor of PP-2A exhibited dilated cardiomyopathy (46) . It would be interesting to examine if the activation of Mst1 is involved in development of heart failure in these animals.
Cardiac-specific overexpression of Mst1 stimulates cardiac myocyte apoptosis without compensatory cardiac myocyte hypertrophy and induces dilated cardiomyopathy. Cardiacspecific overexpression of wild-type Mst1 dose dependently caused dilation in all four chambers, wall thinning, and reduced bi-ventricular function, consistent with findings of dilated cardiomyopathy in mice.
What is the cause of dilated cardiomyopathy in Tg-Mst1? We found that Tg-Mst1 have an increased number of TUNEL positive cells, which was accompanied by increased levels of caspase-3 activity. Although whether the TUNEL-positive cells in Tg-Mst1 represent apoptosis or oncosis remains to be elucidated, since Mst1 promotes cell death consistent with apoptosis in vitro, it is likely that Tg-Mst1 mice have increased levels of apoptosis. Considering the fact that increases in TUNEL-positive myocytes were observed even before the animals manifest overt signs of heart failure, increases in cardiac myocyte death may contribute at least in part to initial development of dilated cardiomyopathy in Tg-Mst1. Consistent with this notion, we found that the density of cardiac myocytes in the LV myocardium is reduced in Tg-Mst1. Since the prevalence of apoptosis in Tg-Mst1 (0.3%) is similar to that in human heart failure (47), Tg-Mst1 should serve as a useful model to study the role of apoptosis in progression of congestive heart failure.
Our results suggest that Mst1 is a MAP4K and regulates downstream SRPKs, such as p38-MAPK and p46-JNKs in cardiac myocytes. Whether or not p38-MAPK and/or p46-JNKs mediate proapoptotic effects of Mst1 is of great interest. The activated form of Mst1 is translocated to the nucleus and may affect death-associated protein 4 (48) and the nuclear components of the apoptosis machinery, including inhibitor of caspase-activated DNase (32, 33, 45) . Although Mst1 efficiently phosphorylates MBP at least in vitro, pathophysiologically relevant substrates of Mst1, mediating the proapoptotic effect of Mst1, remain to be elucidated in cardiac myocytes.
Cardiac-specific overexpression of Mst1 prevents compensatory cardiac myocyte hypertrophy and potentially obscures operation of the Frank-Starling mechanism in individual cardiac myocytes. One of the most surprising findings in this study was that hypertrophy of surviving ventricular cardiac myocytes was not observed in Tg-Mst1. To our knowledge, Mst1 is unique among protein kinases thus far overexpressed in the mouse heart in vivo, because overexpression of Mst1 in the heart primarily stimulates cardiac myocyte death without compensatory hypertrophy. Absence of cardiac hypertrophy not only leaves the wall stress elevated but also fails to compensate for the loss of cardiac mass caused by apoptosis in Tg-Mst1. Importantly, the longitudinal length as well as the cell volume of isolated LV myocytes were significantly smaller in Tg-Mst1. Although increases in myocyte length are commonly observed in dilated cardiomyopathy, to our knowledge, decreases in cell volume or cardiac myocyte length in dilated cardiomyopathy have not been reported previously. We speculate that side-to-side slippage of cardiac myocytes (42) , rather than elongation of individual myocytes, supports ventricular dilation in Tg-Mst1. Thus, increased tension development in dilated hearts according to the Frank-Starling mechanism would become less efficient at a single-cell level in Tg-Mst1, which may further contribute to decreased cardiac function in these animals.
At present, we do not know why compensatory cardiac myocyte hypertrophy does not take place in Tg-Mst1 despite elevated wall stress. Mst1 may inhibit signaling molecules causing hypertrophy through either direct phosphorylation or caspase-mediated cleavage. Little is known about the cellular actions of Mst1 besides apoptosis. If Mst1 possess such direct antihypertrophic function, this would be a novel function of Mst1. Alternatively, ongoing cell proliferation could make cardiac myocytes smaller (18) . In this regard, whether or not increased cell death stimulates myocyte proliferation in Tg-Mst1 remains to be elucidated.
Mst1 plays an important role in mediating cardiac myocyte death in response to I/R in the heart. Although endogenous Mst1 is activated by proapoptotic stimuli in both neonatal rat cardiac myocytes and the adult mouse heart, one may argue that overexpression of Mst1 causes nonphysiological responses. To address this issue, we tested the effect of dominant-negative Mst1 (K59R) and confirmed that it was able to suppress the activity of endogenous Mst1 in baseline and in response to I/R. Most importantly, cardiac-specific expression of dominant-negative Mst1 significantly reduced the extent of myocardial infarction. Since increases in both TUNELpositive cells and DNA laddering by I/R were significantly suppressed in Tg-DN-Mst1, inhibition of endogenous Mst1 most likely reduced cardiac myocyte apoptosis. We cannot completely exclude the possibility that overexpression of Mst1 (K59R) may affect activities of other protein kinases. Since Mst1 is a predominant MBP kinase activated by I/R, however, the effect of the Mst1 (K59R) is most likely mediated through inhibition of Mst1 or that of the closely related Mst1 family, such as Mst2.
It has been shown recently that NORE, a noncatalytic polypeptide homologous to the putative tumor suppressor RASSF1, associates with Mst1, and the NOREMst1 complex mediates Ras-dependent apoptosis in fibroblasts (49) . Thus, Mst1 may be involved in apoptosis caused by a wide variety of extracellular stimuli as well as environmental stresses. In this regard, Mst1 could be an important therapeutic target in many cardiovascular diseases.
